Abstract. Tail loss, urotomy, in reptiles and amphibians has been the emphasis of many ecological and evolutionary studies, especially in lizards and salamanders; however, less is known about this phenomenon in snakes. In addition, while hypotheses for variation in tail loss across natural populations exist, none have been strongly supported. We conducted much needed research on tail loss in snakes and attempted to elucidate any relationship between variation in predator composition and frequency of wounds. 523 common gartersnakes, Thamnophis sirtalis, from 5 Michigan, USA field sites characterized by diverse predator compositions were examined for tail loss and other predator-inflicted wounds and historical records of predator composition for Michigan were updated. Our results indicate that frequency of wounds vary geographically, and that this variation may be due, in part, to differences in predator diversity. Our data also suggest that other environmental variables (e.g., predator inefficiency) that may influence the frequency of wounds in populations may be at work.
Introduction
Much emphasis has been placed on the ecology and evolution of urotomy, tail breakage, (Savage and Slowinski, 1996) and other predatory inflicted wounds in reptiles and amphibians (e.g., Wake and Dresner, 1967; Congdon et al., 1974; Maiorana, 1977; Dial, 1981; Dial and Fitzpatrick 1981; Fox and Rostker, 1982; Dial and Fitzpatrick, 1983; Arnold, 1984 Arnold, , 1988 . Traditionally, the frequency of injuries in natural populations has been implicated as evidence of the intensity of predation pressure (Benson, 1972; Tinkle and Ballinger, 1972; Kerfoot, 1975) . However, Schoener's (1979) theoretical work lead many to believe that tail loss frequencies represent the inefficiency of predators to catch prey (e.g., Jaksic and Greene, 1984) . Currently, there is a lack of evidence able to strongly support or reject either of these hypotheses and the two are most likely not mutually exclusive. There is also a lack of such data for snakes with much that has been collected focusing on species with long tails specially adapted for easy and multiple breakage (Henderson, 1984; Mendelson, 1992; Savage and Slowinski, 1996) . For our study, we used the eastern gartersnake (Thamnophis s. sirtalis), as it is both a model organism for predator/prey interaction studies and is not characterized by a tail specialized for multiple breakage. In addition, since T. s. sirtalis is preyed upon by many different organisms that vary across its range (Rossman et al., 1996; Harding, 1997) , geographic variation in predator-inflicted wounds is likely (Fitch, 2003) . Populations of T. s. sirtalis from three islands in the Beaver Archipelago of northeastern Lake Michigan, where predator composition varies within the archipelago and between the islands and the mainland (Hatt et al., 1948; Placyk and Gillingham, 2002) , and from mainland sites were examined for wounds that may have resulted from failed predatory attacks. Predator surveys were also conducted, to supplement historical data (Hatt et al., 1948) and to help elucidate relationships between wound frequency and predator diversity. The goals of this study were to examine several geographically isolated populations of T. s. sirtalis to (1) provide much needed data on urotomy in snakes, (2) determine if injuries vary geographically, and (3) determine if such variation is the result of variation in predator diversity.
Material and methods

Collection sites
Snakes used for this study originated from the Beaver Archipelago in northeastern Lake Michigan and mainland sites located in both the lower and upper peninsula of Michigan, USA. The islands sampled for this study included Beaver (15130.0 hectares (ha)), Garden (1989.0 ha) , and High (1494.5 ha) with two sites located on Beaver Island (Miller's Marsh and Sawmill) due to its size (Hough, 1958) . Snakes from the Lower Peninsula were collected along the Jordan River on the outskirts of Mackinac State Forest in Antrim County, Michigan, and snakes from the Upper Peninsula were collected from the town of Neguanee in Marquette County, Michigan. All sites were characterized by similar vegetation and frequency of cover objects.
Frequency of scarring and tail stubbing 523 T. s. sirtalis were collected by hand during the summers of 2001, 2002, and 2003 with each being scale-clipped for future identification (Brown and Parker, 1976) , sexed, and examined for the presence of tail stubs or body scarring. Because not all wounds are caused by failed predatory attacks (Fitch, 2003) , snakes missing the very tips of their tails and those with light ventral scale damage were not included in analyses, as such wounds may result from other environmental factors (JSP, pers. obs.). As a result, our data reflect minimum estimates of injury frequencies. To counter confounding factors due to age or SVL (Willis et al., 1982; Gvozdik, 2000) , only adult gartersnakes (females > 426 mm SVL; males > 360 mm SVL; Rossman et al., 1996) were included in our analyses.
Predator surveys
Historical data on the presence of potential T. s. sirtalis predators in Michigan are available but out-of-date (e.g., Hatt et al., 1948) . As a result, surveys were conducted twice a month during the summers of 2001 and 2002 to confirm or deny the presence of predators. Predator identifications were made by JSP and verified by staff from the Central Michigan University Biological Station on Beaver Island.
Statistical analyses
Because sex biases in the frequency of Thamnophis tail stubs may exist (Willis et al., 1982; Fitch, 2003) , we determined if the frequency of wounds varied as a result of sex via chi-squared tests of independence (Agresti, 1996) . If wounds were not independent of sex, we determined if the male to female ratio varied significantly from site to site via Fisher exact probability tests. To determine if frequency of scarring, tail stubbing, and the combination of the two varied due to a site effect, chi-squared tests of independence were used. If a test indicated that site and a dependent variable were not independent of each other, the model was partitioned and Fisher exact probability tests were used to determine pairwise differences with P -values adjusted for multiple comparisons using Holm's method (Holm, 1979; Aickin and Gensler, 1996) . In addition, to measure the degree of monotone association between diversity of predators and our dependent variables, we calculated Spearman's rank correlation coefficients for each pairing (Tamhane and Dunlop, 2000) . Chi-squared tests were performed using SAS 8.2 ® (SAS Institute, Inc., Cary, NC, 2001). Fisher tests and Spearman's rank were performed using JMP 5.0.1a (SAS Institute, Inc., Cary, NC, 2002) .
Results
Sex effect on frequency of scarring and tail stubbing
Females exhibited a greater frequency of tail stubs than males (X 2 = 15.45, G 2 = 16.96, df = 1; P < 0.0001); however, no such difference existed for scarring (X 2 = 0.84, G 2 = 0.86, df = 1; P = 0.36). In addition, the ratio of females to males captured at each site did not differ significantly (X 2 = 5.39, G 2 = 5.38, df = 4, P = 0.25), so site differences in tail stubbing are not the result of uneven sex ratios between sites.
Site effect on frequency of scarring and tail stubbing
Stubbing (X 2 = 9.59, G 2 = 9.35, df = 4, P < 0.05), scarring (X 2 = 28.28, G 2 = 23.55, df = 5, P < 0.0001), and a composite of the two (X 2 = 18.51, G 2 = 15.8, df = 4, P < 0.01) are not independent of collection site (Table 1) . Pooling the data from the island sites to compare with the mainland data indicated that mainland animals exhibited a significantly greater frequency of scarring (X 2 = 21.74, G 2 = 15.28, df = 1, P < 0.0001), tail-stubbing (X 2 = 6.89, df = 1, P < 0.01; G 2 = 5.73, df = 1, P = 0.02), and overall injuries (X 2 = 16.61, G 2 = 13.71, df = 1, P < 0.001) than the island group. When testing for pairwise differences between the five sites, we arrived at the same results (i.e., all islands differ from the mainland) but also found that islands do not differ among themselves (P < 0.05). Table 1 . Number and frequency of adult Thamnophis s. sirtalis from five Michigan field sites with tail stubs, scarring, and both injuries combined. Snakes with tail stubs may have also had scarring; therefore, they may be represented once each for those two types of injuries. For total injuries, if an animal had both scarring and a tail stub, it was counted only once. As detected by Fisher exact probability tests, significant differences (determined by P -values calculated using Holm's method) in the occurrence of wounds between sites are indicated. Gillingham, 2002a, 2002b; Hatt et al., 1948; Harding, 1997; Phillips et al., 1965; Placyk and Gillingham, 2002 
Predator surveys
Our findings confirmed the accuracy of previous documentation on T. s. sirtalis predators throughout Michigan. However, several additional predators are now present on some of the islands (i.e., coyotes on Beaver, Garden, and Hog, and domestic dogs and cats on Beaver) (Table 2) . While it is possible that not all predators were surveyed, we are confident that the time spent at our field sites revealed most if not all predators. In addition, as to be expected by island biogeography theory (MacArthur and Wilson, 1967), we found a significant positive correlation between the diversity of predators on an island and the size of the island (r s = 0.95, P = 0.05).
Relationship between diversity of predators and frequency of wounds
A significant positive correlation exists between diversity of predators and frequency of tails stubs (r s = 0.97, P = 0.005); however, no such correlation exists for either scarring (r s = 0.55, P = 0.33) or overall wounds (r s = 0.46, P = 0.43). Since each collection site was frequented by the same eight species of predatory birds (Table 2) , avian predators were counted as one predator, as correlation coefficients would not vary if an additional eight species were added to the total for each collection site as opposed to only one.
Discussion
As with past studies (Willis et al., 1982; Fitch, 2003) , tail stub frequency tended to be sex-biased with more females exhibiting such wounds than males. Why this bias exists is not known, but it may be the result of more females surviving tail attacks than males. Male tails differ from female tails in that reproductive organs are found there, but it is not known if damage to these organs can be fatal. That no gender difference in body scarring was found may also indicate the possible severity of injuries to male tails. While geographic differences in wound frequency have not been observed in gartersnakes (Willis et al., 1982) or other species of snakes (Mendelson, 1992; Savage and Slowinski, 1996) , we observed such variation. This may be due to geographic variation in predator diversity, as our analyses indicate a significant correlation between frequency of tail stubs and diversity of predators. Willis et al. (1982) may have found no differences because their populations were from an area in Michigan where predator composition does not vary; however, the populations studied by both Mendelson (1992) and Savage and Slowinski (1996) were from Mexico through Central and South America, where predator composition varies considerably. This may indicate that ecological factors other than predator diversity may influence tail loss. In fact, the variation in wound frequency we documented does not appear to completely be due to predator diversity. Also, while our study and Mendelson's (1992) are represented by substantial sample sizes, Savage and Slowinski (1996) only sampled ∼180 individuals, which may not have revealed existing variation. While there is a significant positive correlation between tail stubs and predator diversity, no such relationship exists for scarring despite exhibiting the same variation as seen with tail stubs (i.e., higher frequencies on the mainland than on the islands). This suggests the role of predation pressures on multiple populations of the same species is complex, possibly involving multiple characteristics of both potential predators (e.g., success rate, motivation) and potential prey (e.g., antipredator behavior), as well as various environmental (e.g., habitat complexity) and historical variables. Also, the lack of a significant correlation between scarring and predator diversity may be due to a lower incident of animals observed with scarring. Attacks that result in scarring may be more successful than those that result in tail damage; therefore, scarring frequency may be a better indication of predator efficiency than predator intensity.
As with all observational, correlational studies, results must be carefully interpreted. Many environmental variables cannot be controlled or accounted for, and correlations do not indicate causation. Ideally, for each site, we would like to know how densely populated and abundant are predators and prey, how successful are the predators, the age structure of the T. s. sirtalis population, and how prey react to predators, as all may influence variation in injuries. In addition, rather than the presence and absence of predators influencing wound variation, the actual composition of predators at each site may be responsible for such variation (generalists vs. specialists, more efficient vs. less efficient).
Conclusions
To sum up, our work adds to the paucity of snake urotomy literature and also tests an existing hypothesis on variation in snake tail loss. Our data indicate that tail stubs and other predator-inflicted wounds vary by gender and geographic location in T. s. sirtalis. In addition, the diversity of predators present may play a role in this variation. We urge researchers to reconsider the more traditional view of tail loss in reptiles and amphibians (i.e., tail loss frequency increases with predator intensity), but also suggest that more empirical studies be conducted to fully understand all of the environmental factors that result in tail loss and variation in tail loss.
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